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ABSTRACT
Blue stragglers (BSS) are stars whose position in the Color-Magnitude Diagram (CMD) places
them above the main sequence turn-off (TO) point of a star cluster. Using data from the core of 47
Tuc in the ultraviolet (UV), we have identified various stellar populations in the CMD, and used their
radial distributions to study the evolution and origin of BSS, and obtain a dynamical estimate of the
mass of BSS systems. When we separate the BSS into two samples by their magnitude, we find that
the bright BSS show a much more centrally concentrated radial distribution and thus higher mass
estimate (over twice the TO mass for these BSS systems), suggesting an origin involving triple or
multiple stellar systems. In contrast, the faint BSS are less concentrated, with a radial distribution
similar to the main sequence (MS) binaries, pointing to the MS binaries as the likely progenitors of
these BSS. Putting our data together with available photometric data in the visible and using MESA
evolutionary models, we calculate the expected number of stars in each evolutionary stage for the
normal evolution of stars and the number of stars coming from the evolution of BSS. The results
indicate that BSS have a post-MS evolution comparable to that of a normal star of the same mass
and a MS BSS lifetime of about 200-300 Myr. We also find that the excess population of asymptotic
giant branch (AGB) stars in 47 Tuc is due to evolved BSS.
Subject headings: blue stragglers - globular clusters: individual (47 Tucanae) - Hertzsprung-Russell
and C-M diagrams - stars: evolution - stars: kinematics and dynamics
1. INTRODUCTION
With the development of high resolution astronomical
imaging, astronomers have been able to study globular
star clusters (GC) in great detail, exposing the presence
of different anomalous stellar populations. An important
example of such stars are blue stragglers (BSS). First
discovered by Sandage (1953) in the GC M3, BSS were
described as an extension of the main sequence (MS)
defying normal stellar evolution within a cluster. How
these stars are formed in GC and where they go after
they leave their MS stage has been a constant debate
(Boffin et al. (2015), especially Chapter 9 and 11).
One of the largest populations of BSS resides in the
GC NGC 104 (47 Tucanae, 47 Tuc). Although 47 Tuc
has been the target of many investigations, observations
using ultraviolet (UV) filters, such as the one used to
obtain the current data set, facilitate the selection of
BSS and make them one of the brightest populations in
the CMD.
In the last two decades BSS have been found in many
GCs (Ferraro et al. 2012) as well as open clusters (de
Marchi et al. 2006; Ahumada & Lapasset 2005), in dwarf
galaxies (Santana et al. 2012) and in the field of our
galaxy (Santucci et al. 2015). In older stellar clusters,
there is generally no evidence of recent star formation
episodes, thus, for these stars to look brighter and bluer
than the turnoff they had to go through some rejuve-
nating process.The BSS formation mechanisms can be
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divided in many different ways but they all must comply
with two main conditions: i) there must be at least one
MS star involved, and ii) one of the stars involved must
gain mass in order to become rejuvenated. In fact, the
positions of BSS on the CMD suggest that these stars
are in fact more massive than the TO stars. The first at-
tempt to directly measure the mass of a BSS was done by
Shara et al. (1997), studying one of the brightest BSS in
the core of 47 Tuc. They found a mass of 1.7 ± 0.4M,
almost twice the cluster TO mass of ∼ 0.9M (Hesser
et al. 1987; Thompson et al. 2010). Later, different stud-
ies, including some done on variable BSS, have yielded
masses between ∼ 1 and 2M for BSS in different GCs
(Gilliland et al. 1998; De Marco et al. 2005). Recent re-
sults for pulsating BSS have provided a lower upper limit
of ∼ 1.5M (Fiorentino et al. 2014, 2015).
There are two possible ways for a star to gain mass:
mass transfer or merger. We will separate the initial sce-
narios into three different categories following the divi-
sions chosen by Perets (2015): i) direct collisions of stars
(Hills & Day 1976), ii) stellar evolution of primordial bi-
naries (McCrea 1964), and iii) dynamical evolution of
hierarchical triple systems (Iben & Tutukov 1999).
The last scenario became more important with the dis-
covery of triple systems harbouring BSS (see van den
Berg et al. (2001) for example), and the disagreement be-
tween the observed BSS populations and that obtained
from combined N-body and stellar evolution simulations
that considered only collisions and primordial binary evo-
lution. Perets & Fabrycky (2009) claimed that previous
BSS formation studies demanded a fraction of the pri-
mordial binaries to be short period binaries. A previous
publication by Fabrycky & Tremaine (2007) had shown
that such systems actually come from longer period bi-
naries that have been perturbed by a third star via the
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Lidov-Kozai mechanism (Lidov 1962; Kozai 1962). In
fact, studies done on short period (Tokovinin 1997) and
contact (Pribulla & Rucinski 2006) binaries showed that
at least 40% of these systems have distant companions.
Recent studies following the formation channel pro-
posed by Perets & Fabrycky, indicate that the Lidov-
Kozai mechanism has a 21% efficiency when it comes to
forming tight binaries (Naoz & Fabrycky 2014). And,
when applied to GC systems, it can contribute up to
10% of the total BSS population (Antonini et al. 2015).
This population should show some observational differ-
ences when comparing them to the BSS with different
origins. For instance their mass could reach much higher
values than binary mass transfer scenarios, where part
of the mass of the system is left in the WD companion.
The WD is also another difference as BSS from a triple
system are more likely to be left with a MS companion
(Perets 2015).
Which mechanism dominates in the different environ-
ments in which BSS live is still under debate. Although
no definite answer has been reached most studies agree
that the observed populations today are a result of a com-
bination of all the formation channels, with one mecha-
nism prevailing over the others depending on the sys-
tem’s properties. Attempts to find the dominating for-
mation mechanism in different GCs, have been based on
finding the strongest correlation between the number of
BSS and parameters of the cluster, like total or core
mass, binary fraction and collision rate. Knigge et al.
(2009) found a strong correlation between the number
of BSS in the core and the core mass in GCs. With
the results pointing towards a binary origin for BSS, re-
searchers started to look for confirmation of the correla-
tion between BSS frequency and binary fraction already
found by Sollima et al. (2008) in low density GCs. Milone
et al. (2012) reaffirmed this correlation for a sample of
59 GCs. Leigh et al. (2013) also tried to find a rela-
tion between binaries and BSS but their results showed
a much stronger correlation with the core mass as found
by Knigge et al. (2009), despite the fact that binary frac-
tion in GCs anticorrelates with core mass (Milone et al.
2008). One of the latest studies that included dynam-
ical effects and stellar and binary evolution yielded “a
dependence of blue straggler number on cluster mass, a
tighter correlation with core mass, a weak dependence on
the collisional parameter, and a strong dependence on the
number of binary stars” (Sills et al. 2013).
Observational evidence supporting the fact that more
than one mechanism for BSS formation can take place
has also been found. Ferraro et al. (2009), Dalessan-
dro et al. (2013) and Simunovic et al. (2014) found two
sequences of BSS in M30, NGC 362 and NGC 1261 re-
spectively, in both clusters a blue and a red sequence of
BSS was visible on the CMD. Both authors suggest that
this feature is a possible consequence of two very distinct
formation mechanisms taking place in the same cluster.
In the case of M30, the blue-BSS sequence matches col-
lisional models (Sills et al. 2009), while the red-BSS se-
quence agrees with binary evolution models (Xin et al.
2015).
1.1. Blue Stragglers in 47 Tucanae
In the particular case of 47 Tuc, the study of its popu-
lation of BSS started with the discovery of 21 such stars
in one of the first HST observations of the core of this
cluster (Paresce et al. 1991). This small sample of BSS al-
ready provided evidence that the density of BSS is higher
in the central regions of the cluster. Many investigations
on the topic have taken place since then, Sills et al. (2000)
modelled the formation rate of BSS using data outside
the core. The results obtained by these authors sug-
gested that 47 Tuc may have stopped making BSS sev-
eral billion years ago. The cluster underwent an epoch
of enhanced BSS formation around the same time, and
this was possibly connected to the epoch of primordial
binary burning.
Ferraro et al. (2004) discovered a bimodal radial dis-
tribution for the BSS in 47 Tuc, as seen in other GC like
M3 (Ferraro et al. 1997), and M55 (Lanzoni et al. 2007).
These distributions show a peak in the cluster center,
decreasing at intermediate distances from the center, to
rise again in the outskirts. Mapelli et al. (2004) tried
to reproduce the BSS radial distribution in 47 Tuc by
choosing different formation mechanisms: collisional BSS
in the innermost region and primordial binary evolution
outside the core. The best representation of the observa-
tional data was obtained when 25% of the BSS came from
binaries and 75% from collisions within 0.5rc (rc = 1 core
radius). This result was later refined by Mapelli et al.
(2006) obtaining a best fit when 46% of the BSS come
from mass transfer and 54% from collisions. The models
were also able to predict the minimum in the radial dis-
tribution and its surrounding regions named by Mapelli
et al. (2004) as the “zone of avoidance”, with the condi-
tion that external mass transfer BSS production began
beyond 30rc.
Later on, Monkman et al. (2006), tried to explain
the bimodal distribution with a purely collisional model
throughout the cluster. Their results agreed with those
found by Mapelli et al. (2004, 2006) for the core of the
cluster where the collisional model represents the obser-
vational data. For their middle region (between 23 and
130 arcseconds from the center) BSS formation would
have needed to stop about half a billion years ago. But
for the external regions the collisional models were not
able to predict the BSS population, a result that they
concluded is likely due to another formation mechanism
dominating the outskirts of 47 Tuc.
Around the same time the formation mechanisms de-
bate was taking place, researchers found evidence that
BSS in the core of 47 Tuc have masses larger than twice
the MS TO mass. One result that suggested the presence
of massive BSS was found by McLaughlin et al. (2006),
while studying the proper motion and dynamics of the
cluster core. They determined that the velocity disper-
sion of BSS was smaller than that of the cluster giants by
a factor of
√
2 (i.e. twice their mass). That same year,
Knigge et al. (2006) identified a detached binary system
consisting of a 1.5M BSS primary with an active, up-
per MS companion. These massive BSS can only be the
outcome of a process involving at least three progenitors.
Another interesting area of research is the evolution
of BSS. In 1994 Bailyn (1994), studied the central re-
gions of 47 Tuc and found an overabundance of stars in
the AGB of the cluster. He concluded that these extra
stars could come from the evolution of BSS. Beccari et al.
(2006) also found evidence of an overabundance of stars
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in the AGB, which, according to theoretical tracks used
by the authors, correspond to massive stars currently
undergoing their RGB phase. Additionally Beccari et al.
(2006) separated the HB into faint and bright HB stars
finding that both the overabundace of stars in the AGB
and the presence of a bright extension of the HB could
be related to the evolution of binary systems. Recently
Ferraro et al. (2016) confirmed observationally the pres-
ence of a massive star in the region of the CMD slightly
brighter than the bulk of the HB. Ferraro et al. (2016)
report a mass of 1.4M, much higher than the turnoff
mass of the cluster, strongly suggesting this star is the
result of the evolution of a BSS.
2. OBSERVATIONS AND ANALYSIS
Using the Wide Field Camera 3 (WFC3) on board the
Hubble Space Telescope (HST), data from the core of 47
Tuc were taken using two of the most ultraviolet filters,
F225W and F336W whose central wavelengths are 235.9
nm and 335.9 nm respectively. The images covered up
to a radial distance of ∼ 160 arcseconds from the center
of the cluster. A more detail description of the obser-
vations can be found in Parada et al. (2016) (hereafter
paper1). The data reduction and photometry were per-
formed following the procedure described in Kalirai et al.
(2012).
Additionally, we took photometric data available from
the ACS (Advanced Camera for Surveys) Survey of
Galactic Globular Cluster (Sarajedini et al. 2007). For
47 Tuc, these data (hereafter the ACS data) cover only
∼ 105 arcseconds radius from the center of the cluster,
but uses filters in the visible range (F606W and F814W)
that will help us to identify different evolutionary stages
that do not have clear sequences in the UV.
The UV data (hereafter the WFC3 data), were cor-
rected for incompleteness using artificial star tests in
both the F225W and F336W images, obtaining a com-
pleteness rate as a function of magnitude and radial dis-
tance. This process is described in paper1 and explained
in detail in Heyl et al. (2015b). We find that for stars
above an F225W magnitude of 21 the completeness rate
is close to unity. In the case of the ACS data, we do
not correct for incompleteness as we are only using the
bright stars in these filters and the completeness in this
part of the CMD is also close to unity.
3. STELLAR POPULATIONS SELECTION
The boundaries of the regions for the selection of each
stellar population were chosen with the help of MESA
(Modules for Experiments in Stellar Astrophysics; Pax-
ton et al. 2011, 2013, 2015) evolutionary models. The
models were created using the pre-build 1M pre ms to wd
model in the test suite. The initial parameters were set
to the appropriate values for 47 Tuc, with TO masses of
0.9M (corresponding to the cluster’s TO mass), and ad-
ditionally 1.1M, 1.4M and 1.8M, corresponding to
masses for different BSS populations. Also, a metallicity
of Z = 4 × 10−3 and helium abundance of Y = 0.256
(Bergbusch & Stetson 2009) are used. A detailed de-
scription of the construction of the models can be found
in Heyl et al. (2015a).
Slight modifications on the limits of those regions in the
CMD show no effect in the resulting cumulative radial
distributions and the number of stars within the regions
does not change by more than a few percent.
3.1. Main Sequence Binaries
In an attempt to identify the population of stars re-
sponsible for the formation of BSS, we will later com-
pare the BSS distribution against the binary star distri-
bution. We have selected a sample of main sequence bi-
naries (MSBn) that we expect to be mostly nearly equal
mass binaries1. Both populations are shown in Figure 1.
The MSBn selection box starts at a faint magnitude of
24 and extends up to a magnitude a 20.7, with an almost
constant width of 0.4 magnitudes (width reduces at the
brighter end of this selection box to avoid contamination
by SGB stars) containing a total of 367 stars. This num-
ber goes up to 438 after correcting for incompleteness.
We have also included a selection of stars on the main
sequence (MS) to have a reference for the analysis of this
population. To ensure there is limited contamination to
the MSBn sample, a minimun distance of 0.2 magnitudes
is kept between the binary sequence and its single star
sequence counterpart. Looking at the right panel of Fig-
ure 1, we can see that the cumulative radial distribution
for the MSBn is much more centrally concentrated than
that of the single MS stars.
3.2. Blue Stragglers
It can be seen in Figure 1 that the BSS population is
easily identify on the UV CMD as an extension of the MS
of the cluster. Starting a few tenths of magnitudes above
the turn-off point and extending for almost 4 magnitudes,
the total number of BSS in the sample contains almost
150 stars. For this study, we have decided to exclude the
very faint BSS, and have taken only those that are at
least ∼ 0.7 magnitudes brighter than the TO, to avoid
any possible contamination due to blends. This decision
was also based on the fact that when we plot the BSS
sample on the ACS CMD, the fainter BSS on the UV
sample are very close to the F606W, (F606W −F818W )
TO, almost blending with the MS. It is important that
we have clean BSS samples for both data sets.
After delimiting the BSS sample we end up with 114
BSS, which we divide into two sub-samples, faint and
bright BSS, each containing half of the total stars. When
we divided the sample in half we noticed a big difference
in the radial distributions with the bright BSS (bBSS)
looking more centrally concentrated than the faint BSS
(fBSS).
3.3. Reference Population
To trace the distribution of cluster stars we selected
the RGB as the reference population. Although previous
studies (Ferraro et al. 2003, 2004) indicate the HB as the
most natural reference population in the UV CMDs, due
to this branch being well separated from other branches,
we are concerned with the contamination of the HB by
AGB stars and evolving BSS. We discuss this later in
section 5.
In the UV, specifically with the filters chosen for this
work, the RGB is well defined and easy to identify in
1 Equal mass binaries will be ∼ 0.75 magnitudes brighter than
their single MS counterpart, and will have the same colour as its
components, placing them above the MS
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Figure 1. Left:F225W,F225W −F336W CMD showing the selected stars for the faint and bright BSS, RGB, MS and MSBn populations.
Right: Radial distributions for the selected samples. The legend on the CMD has the number of stars before correcting for incompleteness,
while the legend on the right plot gives the size of the sample after correcting for incompleteness. The division between bright and faint
BSS was chosen by maximizing the difference between their radial distributions in order to obtain two distinct BSS populations.
the CMD. Even though the RGB is not separated from
the SGB, the shape of the CMD makes it easy to get a
clean sample. It is important to have a clean sample of
RGB stars as we will later use the number of stars in
this region to estimate the expected number of stars in
the various evolutionary stages. To make sure there is
no contamination of SGB stars in our RGB sample, we
start our RGB box a few tenths of a magnitude above
and to the right of the end of the SGB. Figure 1 (red)
shows the final selection for the RGB with a total of 2925
stars before completeness corrections and ∼ 3050 stars
after the corrections.
As mentioned in previous sections, we will compare our
data to the ACS sample. On the ACS CMD, the RGB,
especially in the fainter part of this branch, is also well
defined. Cross matching the selection of the RGB on
the UV CMD to the visible CMD, also gets us a clean
RGB sample of stars starting around ∼ 0.5 magnitudes
brighter than the TO, which tells us that our efforts to
exclude SGB stars from our UV sample were successful.
Even at the bright end of the RGB on the visible CMD
we can see that this branch is well separated from the
horizontal and asymptotic giant branches, making it a
suitable reference population also in these filters. Be-
cause the ACS field is smaller than the WFC3 field, we
also expect our RGB sample to be smaller, coming to a
total of ∼ 2200 stars compared to the ∼ 3000 we had
before.
3.4. ACS Data Selection
As in the WFC3 CMD, we used MESA models to
choose our regions which are shown in Figure 2. Fol-
lowing a similar procedure as the one used by Beccari
et al. (2006) in this same cluster, we separate the HB
into faint and bright HB stars leaving a small magnitude
gap between them. Additionally we separate the AGB
stars isolating the AGB bump from the rest of the stars
in this evolutionary stage. The detailed reasoning behind
the division of faint and bright HB stars and the differ-
ence between the AGB and the bump on this branch will
be explained in sections 4 and 5. The important point
for now is confirming the presence of contaminating stars
on the HB of the UV CMD pictured on the right panel
of Figure 2. Using the same color code on each panel we
can see how the bright HB, AGB and the stars on the
bump of the AGB picked on the ACS CMD fall in the
same region as the HB stars on the WFC3 CMD.
BSS in 47 Tuc 5
Although we lose some stars as we had to reduce our
field size to match the ACS field, we can identify where
the AGB from the evolution of normal stars falls in the
UV CMD and obtain a cleaner sample of HB stars. This
leads to the proper classification of over 100 stars that
we would have otherwise needed to ignore.
In order to be able to compare the ACS and WFC3
data sets, the data for F225W and F336W were reduced
to the same field as the one covered by the F606W and
F814W which is also in the core but expands to a radius
of only 105 arcseconds. When using the ACS field, every
star included in the analysis had to be measured in all
four filters.
Figure 2. Left: F606W,F606W −F814W CMD with the selection of the stellar populations on the ACS data. Right: F225W,F225W −
F336W CMD showing where the stars selected on the ACS data fall on the UV CMD. We can see a clear contamination of the UV HB by
stars in stellar evolutionary stages different from the normal HB but that form clear branches on the ACS CMD. The number of stars in
each sample is given in the inset in the left plot.
4. RESULTS
4.1. Blue Stragglers
We have already pointed out the difference between the
masses of faint and bright BSS. When looking at the cu-
mulative radial distribution of the two regions of BSS in
Figure 1 we can also see a significant difference between
the two samples. According to the KS-test results, faint
and bright BSS have only a 1.0% probability of being
drawn from the same population and are significantly
different from the reference population with p-values of
0.03 for fBSS and ∼ 10−6 for the bBSS.
From a visual examination of the radial distribution
plot we noticed a similarity between the fBSS and the
MSBn. This is confirmed by the KS-test which yields a p-
value of 0.76 suggesting a possible relation between these
two groups of stars that is not present between the bBSS
and MSBn (p-value = 0.01). The KS-test results between
the regions highlighted in Figure 1 are summarized in
table 1.
4.2. Evolved Blue Stragglers
Distinguishing between the various evolutionary stages
on the F225W,F225W−F336W CMD beyond the RGB
is complicated. Although the HB seems to be clear, the
number of stars and the radial distribution of this branch
disagrees with the models suggesting an over abundance
of stars. In Figure 3, left panel, we can display the up-
per part of the CMD along with four MESA evolutionary
models. The lowest mass model, 0.9M, shows the evo-
Table 1
KS-test p-value results between the populations selected in Figure
1. There is no apparent relation between the populations except
between the MSBn and the fBSS.
bBSS
fBSS 0.01
MS ∼ 10−4 ∼ 10−8
MSBn ∼ 10−13 0.76 0.01
RGB ∼ 10−5 ∼ 10−17 0.03 ∼ 10−6
lution for a star with a mass approximately equal to the
47 Tuc TO mass. According to this model, the RGB
lasts for ∼ 4.2× 108 years while the HB only ∼ 0.7× 108
years. Considering that all the stars going through the
RGB phase come from the evolution of non-BSS stars,
the number of RGB stars (3060) predicts 510 HB stars
and 110 AGB stars. This gives us an excess of around
100 observed stars in the HB region, as specified in table
2.
Looking at table 2, it can be seen that we have included
the numbers for the sub-giant branch (SGB). This region,
not shown on Figure 3 but with a clear branch extending
from the TO point to the RGB, is included to support
our idea that the RGB in these filters is not contaminated
by evolved BSS. Doing the calculations to estimate the
expected number of stars on the RGB we get a small
difference of only 2.8% with the number of stars observed.
We then followed the same procedure but using the
BSS models (magenta curves in Figure 3). The BSS pop-
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Figure 3. Left:UV CMD, the green and magenta curves are the MESA evolutionary models for stars with initial masses of 0.9M, 1.1M,
1.4M, and 1.8M from bottom to top. Right: Radial distributions for the selected samples on the CMD. As on previous figures, the
legend on the CMD has the number of stars before correcting for incompleteness, while the legend in the right plot gives the size of the
sample after correcting for incompleteness.
Table 2
Times spent in different regions selected in the UV CMD (Figure
3) according to the MESA models, counting the stars in the
complete WFC3 data set. For each evolutionary stage, the first
row is the time spent in the region followed by the number of
observed and expected stars. The HB for the BSS models,
corresponds to the time the stars spend since the end of the green
region until the end of the AGB. For the HB stars of the
0.9M odot model, the count includes the stars expected from the
HB and AGB.
Models
0.9M 1.1M 1.4M 1.8M
S
G
B
Time (Myr) 415 171 115 54
Obs 2940 N/A
Exp N/A
e
B
S
S Time (Myr) N/A 319 195 54
Obs N/A 100
Exp N/A
R
G
B Time (Myr) 420 340 220 84
Obs 3060 N/A
Exp 2975 ∼ 100
H
B
Time (Myr) 85 182 180 160
Obs 710 N/A
Exp 620 ∼ 100
ulation does not outline clear evolutionary stages on the
CMD, besides from their position on the MS. Following
the models, we identify a region between the SGB, RGB,
BSS, and HB, highlighted in green, where we would ex-
pect mainly stars that have evolved from a BSS (even
though these are not the only evolved BSS present on
the CMD we will call this region eBSS, and for the rest
of the evolutionary stages we will refer to them as the
HB of the BSS, RGB of the BSS, etc.). Because of the
likelihood of blends, especially in the region right next to
the SGB, we have included a mild error cut in the mag-
nitude of this sample. Considering the 1.4M model, we
find that, for a star of this mass, the time it takes to go
from its TO point to the end of the green region (before
evolved BSS and normal stars share CMD space) is 200
Myr. The same time scale was found when going from
the end of the green region up to the AGB phase. Con-
sidering these two time scales we would expect a contam-
ination of 100 stars to the HB and surrounding regions
from the evolution of BSS.
The total number of expected stars from non-BSS stars
in the HB region of the UV CMD is 620, in contrast, the
observed number of stars is 710. The results obtained
for the number of expected stars for the aforementioned
region from the evolution of BSS brings the observed
and expected number of stars from non-BSS stars into
agreement.
Looking now at the at the radial distributions for the
four coloured regions, the BSS distribution looks simi-
lar to that which we call eBSS (green region). Table 3
shows the p-values obtained from the KS-test performed
between the different populations. These results sup-
port the idea that both distributions, BSS and evolved
BSS, were drawn from the same population with a p-
value of 0.98. On the other hand, the HB distribution
looks similar to that of the RGB but the KS-test rejects
the hypothesis of these coming from the same distribu-
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tion with a p-value of ∼ 10−3. Looking closely we can
see that the HB star distribution appears to be slightly
more centrally concentrated than the RGB stars. Doing
the same for the evolved BSS we can also reject these
stars coming from the same sample as the RGB or HB
with p-values for the KS-test of 0.01 and 0.03.
Table 3
KS-test p-value results between the populations selected in Figure
3
BSS
eBSS 0.98
RGB ∼ 10−4 ∼ 10−5
HB ∼ 10−3 0.03 0.01
To further expand the study and identification of post-
MS BSS, we now compare our data to the ACS data. We
can see in Figure 4 that isolating the AGB on the UV
CMD is almost impossible, but it becomes much easier
on the ACS CMD, especially at the fainter end of the
AGB. By cross-matching the stars from the ACS CMD
to the UV, we can identify the AGB stars and obtain a
cleaner sample to count the stars and to construct the
radial distribution. Using this smaller data set we see
that the number of stars on the HB and AGB are not
consistent with the models. As shown in table 4 we ex-
pect 370 HB stars but we observe ∼ 410, for the AGB the
numbers are 80 and ∼ 100 counting the AGB plus the
bump highlighted in blue in Figure 4. In summary, tak-
ing into account the evolution of non-BSS related stars,
we would expect 450 stars from the HB to the observable
part of the AGB, not far from the observe count of 510.
Going back to the evolved BSS, using the MESA mod-
els on the ACS CMD, we can now point out where the
RGB and HB of the BSS fall on the CMD. The first thing
we notice is that the HB for the evolved BSS is brighter
than the HB for the normal stars which makes it rea-
sonable to split this population between faint and bright
HB. Another interesting result is the fact that the RGB
bump for the evolved BSS falls in the same region where
the AGB bump was thought to be, even with the wide
range in BSS mass the RGB bump for the BSS models is
always sitting just above the HB. This is the reason we
have separated this group of stars from the rest of the
AGB for further inspection. In this bump alone we count
41 stars. If this is indeed the RGB bump of evolved BSS
we would expect to have around 20 stars coming from
the evolution of BSS, which means that at least half the
stars in this bump are actually evolved BSS and not AGB
stars. We must mention that the numbers of expected
stars for the 1.8M model obtained by starting with a
star count of 80 stars on the green region is unrealistic.
As we can see on the UV CMD, there are only 4 stars just
above the 1.4M model. If we take this number as the
actual observed count of stars we would expect a total of
only 1 and 4 stars for the HB and AGB respectively.
Before splitting the HB and AGB (HB in faint and
bright HB, and AGB in AGB and AGB bump) both
radial distributions look more centrally concentrated
than the RGB. With the samples separated as explained
above, we compare the radial distributions for all the
populations highlighted in Figure 4 and report the KS-
test results in table 5. The bright HB, AGB bump and
Table 4
Time spent in different regions of the CMD according to the
MESA models for the regions selected from the ACS CMD as
shown in Figure 4. The eBSS stars were chosen from the WFC3
data. The count of stars observed on the AGB for the 0.9M
model includes the stars from the bump highlighted in blue on
Figure 4. The ages for the AGB on the BSS models
(1.1M,1.4M and 1.8M) are calculated within the same
magnitude range as the 0.9M stars. For the 0.9M model the
numbers for the bump region make reference to the RGB bump
from the evolution of normal stars, while for the BSS models the
observed number is the number of stars in the AGB bump. The
number of expected stars for the 1.8M models are biased by the
number of stars in the eBSS region, using the actual number of
stars above the 1.4M model on the CMD only 1 star on the HB
and 4 on the AGB would be expected.
Models
0.85M 1.1M 1.4M 1.8M
e
B
S
S Time (Myr) N/A 319 195 54
WFC3
Obs N/A 80
Exp N/A
R
G
B Time (Myr) 420 340 220 84
Obs 2200 N/A
Exp N/A 85 90 120
B
u
m
p Time (Myr) 35 40 44 20
ACS
Obs 180 40
Exp 185 11 18 28
H
B
Time (Myr) 70 68 60 51
ACS
Obs 410 25
Exp 370 18 25 72
A
G
B Time (Myr) 15 15 20 30
ACS
Obs 100 ∼ 10
Exp 80 ∼ 8
the BSS distributions look very similar and KS-test re-
sults show that we cannot reject the possibility that all
three samples are drawn from the same population with
p-values of 0.77 for BSS against bright HB and 0.58 for
BSS versus AGB bump. Using the same statistic we find
a p-value of 0.04 and 0.08 between the AGB and the AGB
bump and for the fHB versus bHB respectively.
In this reduced sample the relation between BSS and
eBSS is similar as before, obtaining a p-value of 0.99
when comparing their radial distributions. KS-test re-
sults also point towards the eBSS being drawn from the
same populations as the bHB and AGB bump with p-
values of 0.88 and 0.64 respectively.
Separating the HB and AGB has also helped us to
make more sense of the normal evolution of stars in the
cluster. Now the cumulative radial distributions of the
RGB, fHB and AGB are more closely related with p-
values of 0.40 for RGB vs. fHB, 0.89 for RGB vs. AGB,
and 0.98 for fHB vs. AGB.
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Figure 4. Top-left: F606W,F606W − F814W (V, V − I) colour-magnitude diagram (CMD) of the core (with r ≤ 105′′) of 47 Tucanae
with the same MESA models as Figure 3. Top-right: F225W,F225W −F336W (U,U −B) CMD for the same region. In both CMDs stars
represented by triangles mean they have been selected on the V, V − I CMD, coloured circles on the U,U − B. Different colours indicate
different populations as indicated on the legend of the bottom plot. Bottom: The radial distributions of the different selected evolutionary
stages.
Table 5
KS-test p-value results between the populations selected on Figure 4
BSS
eBSS 0.99
RGB ∼ 10−4 ∼ 10−5
fHB 0.40 ∼ 10−3 ∼ 10−4
bHB 0.08 0.04 0.88 0.77
AGB 0.17 0.98 0.89 0.06 0.02
Bump 0.04 0.36 ∼ 10−4 ∼ 10−3 0.64 0.58
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4.3. Mass Estimation
The location of a BSS in the CMD is not necessar-
ily representative of the mass of a single star. From the
CMD and MESA models we obtained the evolutionary
mass for the BSS which ranges between the TO mass
and 1.8M. Using the radial distance of the star from
the center of the cluster we derived the dynamical mass
which is the sum of the masses of all the stars in the sys-
tem. The procedure to derive the dynamical masses for
the BSS and BSS related populations (explained in de-
tailed in paper1), consists in deriving a relation between
the mass (M) of a population of stars and its radial dis-
tribution (R). To achieve this, we first selected 3 samples
of stars along the MS, each containing over 10000 stars.
Even in this small mass range, their radial distributions
show evidence of mass segregation, with the brightest
and more massive sample significantly more centrally
concentrated than those with lower masses (see Figure
3 in paper1). We then calculated R20 and R50 for each
of the samples, where R20 and R50 refer to the distances
from the center of the cluster where the cumulative radial
distributions reach 20 and 50% respectively. Using these
values together with the median mass of each MS sam-
ple (from the models), we found linear relations between
log(M) and log(R) for both R20 and R50. (see equations
(2) and (3) for WFC3 field, and (6) and (7) for the ACS
field in paper1). Table 6 shows the results for the differ-
ent selected samples in both the ACS and WFC3 data.
The values for the MSBn and fBSS are almost identical,
the bBSS have the highest mass estimates, and we can
see similar masses for the complete sample of BSS and
the eBSS, bump and bHB.
The difference between the mass estimates when using
the 105” field versus the 160” field is expected for stel-
lar populations in the CMD that have a wide range of
mass values. Under mass segregation higher mass stars
migrate towards the center of the cluster, thus, when we
compare the mass estimates at R20, the ACS field shows
higher mass values because it is closer to the center of the
cluster than R20 for the WFC3 field, the same is true for
R50. The differences at R20 and R50 for the same field
come from the same principle.
5. DISCUSSION
5.1. Blue Stragglers
The results reported in section 4.1 indicate there are
two distinct BSS sequences present within a radius of
160 arcseconds from the center of 47 Tuc. The p-value
of 0.01 obtained for the KS-test between the faint and
bright BSS confirms that the two populations have differ-
ent distributions and therefore come from different sam-
ples, suggesting different formation mechanisms. Previ-
ous studies, including the BSS in the core of 47 Tuc, have
also argued in favour of more than one formation mech-
anisms (Mapelli et al. 2004, 2006; Monkman et al. 2006)
going on in this GC; primary stellar evolution and direct
collisions. Furthermore, the estimated dynamical masses
for faint and bright BSS systems are also different, with
the bright BSS considerably more massive than the faint
ones.
The bright BSS are very centrally concentrated (20%
of the bright BSS are within 10 arcseconds of the center,
and the distribution reaches 50% at only ∼ 30 arcsec-
Table 6
Results for the mass estimation in both the WFC3 complete 160
arcseconds field and the reduced ACS field (105 arcseconds).
R ≤ 160 R ≤ 105
MR20 MR50 MR20 MR50
MSBn 1.15+0.04−0.07 1.05
+0.05
−0.10 1.33
+0.08
−0.16 1.35
+0.13
−0.15
BSS 1.47+0.20−0.12 1.22
+0.17
−0.15 1.95
+0.23
−0.31 1.44
+0.15
−0.43
bBSS 1.64+0.06−0.24 1.43
+0.20
−0.56 2.38
+0.43
−0.70 2.27
+0.83
−1.36
fBSS 0.93+0.09−0.40 0.98
+0.09
−0.25 1.50
+0.50
−0.45 1.26
+0.26
−0.25
eBSS 1.40+0.07−0.07 1.38
+0.07
−0.13 1.72
+0.11
−0.14 1.79
+0.19
−0.27
Bump N/A N/A 1.52+0.28−0.32 2.10
+1.07
−0.67
bHB N/A N/A 1.45+0.27−0.58 1.31
+0.26
−0.51
onds), also their cumulative radial distribution does not
resemble any of the other populations identifiable in the
CMD. This prevents us from linking their formation to
any specific group of stars. On the other hand, the mass
estimate of 2.38M at R20 using the ACS data for the
bright BSS, indicates that they must come from the in-
teractions of at least three stars, possibly through the
evolution of hierarchical triple systems or encounters in-
volving more than two stars. Even when we include the
lower limit error, the mass value is still over twice the
TO mass.
In contrast, the faint BSS are less segregated towards
the center but still more concentrated than most of the
other populations. Their cumulative radial distribution
looks very similar to that of the MSBn (1), confirmed
by the 0.76 p-value obtained for the KS-test. The re-
semblance of their radial distributions points to a binary
origin for the faint BSS. The estimated masses of these
two populations are also similar, with the faint BSS being
a little less massive that the MSBn as could be expected
for a final product of binary evolution.
5.2. Evolved Blue Stragglers
Before separating the bright and faint HB stars, the
combined HB distribution looks more centrally concen-
trated than that of the RGB, a difference that is sus-
tained by the KS-test results: ∼ 99% probability that
the distributions were taken from different samples. Ac-
cording to mass segregation, for a relaxed population of
stars to be more centrally concentrated it would need to
be more massive. This fact contradicts the models and
theory about stellar evolution where some mass loss is
expected between the RGB and HB (see Origlia et al.
(2007, 2010), for example). Although recent results in-
dicate that the bulk of the mass loss happens when the
star is closer to the tip of the AGB (Heyl et al. 2015a,
and references within), there is no evidence of mass gain
or any other process that could lead to the HB stars be-
ing significantly more massive than the RGB stars. The
models superposed on the UV CMD in Figure 3 show
that the HB and AGB of the BSS occurs to the right of
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the normal HB, but there are no stars in that part of
our CMD. This is due to saturation of the images in the
F336W filter at a magnitude of 15.25, which makes the
color of any star with a magnitude above the saturation
level pushed below the saturation line. In this case, the
saturated stars are pushed into the same CMD position
as the real HB. The contamination to the HB can also be
noticed by just counting the stars in that region, which
gives an observed number of stars much higher than ex-
pected. This overabundance of stars can be justified if
we add the expected number of HB stars from normal
evolution to the expected number of evolved BSS stars
in that part of the CMD by using the time scales derived
in section 4.2 (see table 2).
The relation of the evolved BSS to the BSS was con-
firmed by their cumulative radial distributions with p-
value of 0.98 for the KS-test. Interestingly, when we plot
the stars in the green region on the ACS data we find they
lie very close to, if not on top of, the SGB and RGB of
the evolution of normal stars, close to the portion of the
CMD that Beccari et al. (2006) identified to try to find
BSS starting their RGB phase. Selecting these stars on
the UV CMD allows us to obtain a cleaner sample with
a much lower chance of selecting normal RGB stars.
Because the number of BSS is almost the same as the
number of eBSS, the time a star spends in both of these
parts of the CMD also has to be similar. The time calcu-
lated for the eBSS from the models suggests a short BSS
MS lifetime of ∼ 200 − 300 Myr. This result disagrees
with those found by Sills et al. (2000) and Chatterjee
et al. (2013) (between 1 and 3 Gyr). According to Lom-
bardi et al. (1996), collisions would produce BSS with
shorter MS lifetimes, compared to stars with the same
amount of hydrogen in the stellar core, in agreement with
our lifetime estimations.
The same overabundance of HB stars is observed when
analysing the ACS CMD. In this case when we superpose
the models we noticed that the HB for the BSS is brighter
than the HB for the normal evolution of stars. In fact,
when we split the HB into faint and bright HB, the num-
bers of observed and expected stars agree. As noted by
Beccari et al. (2006), we also find that the distribution
of the bright HB and that of the BSS are likely drawn
from the same population while the faint HB distribution
resembles that of the RGB. We have used this fact to ob-
tain a clean HB sample in the UV CMD that has allowed
us to confirm the contamination of this CMD region and
the predictions from our models.
From the ACS data, we can see that the overabundance
of stars on the HB also extends to the AGB. Again we
explained this extra population of stars by adding up the
number of expected stars for the AGB and evolved BSS.
According to the numbers reported we expect at least
half the stars on the AGB plus AGB bump to be evolved
BSS. The fact that we can statistically state that the
AGB and AGB bump do not come from the same dis-
tribution but the BSS and AGB bump most likely do,
supports our assumption that this bump is mostly pop-
ulated by evolved BSS going up the RGB for the first
time. More specifically our BSS models place the RGB
bump for the BSS in the same region as the AGB bump.
Having the radial distribution of the AGB without the
bump agreeing with that of the RGB tells us this part of
the CMD is dominated by stars coming from the evolu-
tion of normal stars. This excess of stars in the AGB was
studied earlier by Bailyn (1994) and Beccari et al. (2006),
who came to two different conclusions. Bailyn suggested
that this excess was due to BSS going through their HB
stage, but according to our models and as stated by Bec-
cari et al., the HB of the BSS is much fainter than the
AGB bump. Beccari et al. relates this contamination
to the “high-mass binary by-products currently ascend-
ing the RGB for the first time”. Our results are in good
agreement with Beccari et al. (2006), but we have also
been able to constrain the bulk of the contamination of
the AGB bump as due to the RGB bump of the BSS.
The relation between the BSS with the eBSS, bHB and
the bump, can also be seen when we compare the mass
estimates of these populations.
6. CONCLUSIONS
We have identified a large sample of over 200 BSS and
evolved BSS in HST UV data of the core of 47 Tuc.
Expanding our research using available data in the vis-
ible, we have studied the properties of this population
including their masses, possible formation mechanisms,
and their evolution.
When we separate the bright and faint BSS we find
that the bright BSS show a much more centrally con-
centrated radial distribution and higher mass estimates,
properties that suggest an origin involving triple or mul-
tiple stellar systems. In contrast, the faint BSS are less
concentrated, with a radial distribution similar to the
MSBn pointing to this populations as their likely pro-
genitors.
Isolating a sample containing only evolved BSS had,
until now, only been attempted on the HB. The evolved
BSS selected on the UV CMD along with the MESA
models and the agreement between the radial distribu-
tions of the BSS, evolved BSS, bright HB, and AGB
bump, allowed us to construct the story of the evolu-
tion of BSS. The time scales and number of observed
and expected stars agree nicely with the BSS having a
post-MS evolution comparable to that of a normal star
of the same mass. The disagreement between our esti-
mated MS lifetime and those found by others indicate
that a more detailed study of individual BSS properties
is necessary to constrain these values.
We have also been able to select clean samples in the
different stellar evolutionary stages for the normal evo-
lution of stars. Here we find that the cumulative radial
distributions for the upper MS, RGB, faint HB and AGB,
seem to all come from the same sample as expected for
stars of the same mass. It is important to mention that
in both the AGB and the AGB bump, we find stars from
the evolution of normal stars as well as those coming
from the evolution of BSS. But the number of stars and
their radial distributions have allowed us to state the
dominant population in each sample.
Future studies using high quality spectra, will tell us
more about the formation and evolution of BSS. Each
formation mechanism leaves BSS with different chemical
properties and possible companions, both of which could
be identified and characterised through spectroscopy
(Ferraro et al. (2016) and references within).
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